Purpose: Despite more than 70,000 new cases of bladder cancer in the United States annually, patients with advanced disease have a poor prognosis due to limited treatment modalities. We evaluated Aurora kinase A, identified as an upregulated candidate molecule in bladder cancer, as a potential therapeutic target.
Introduction
The Aurora kinases comprise a family of serine/threonine kinases that play an essential role in cell-cycle progression, most notably during the G 2 and M phases. Three human homologs, Aurora kinases A, B, and C, have been characterized and maintain discrete functions within the cell cycle. Aurora A participates in centrosome assembly/maturation and proper function of the mitotic spindle apparatus, and thus is critical for the maintenance of genomic integrity (1) (2) (3) . Aurora B localizes to the mitotic kinetochore and the mid-body of cytokinesis and facilitates function of the mitotic spindle checkpoint complex, histone-H3 phosphorylation, and cytokinesis (4) . Aurora C expression is localized to the testes and is purported to overlap somewhat with Aurora B function in facilitating spermatogenesis although its exact functions remain unclear (5, 6) .
While the involvement of Aurora C in cancer development remains uncertain, Aurora A and B have been frequently implicated in human carcinogenesis. Both overexpression and gene amplification of Aurora A have been characterized in human tumors and have been shown to correlate with tumor proliferation rates and prognostic markers (7) (8) (9) (10) (11) (12) (13) . Indeed, forced overexpression of Aurora A can induce malignant transformation through dysregulation of mitotic processes, including the mitotic spindle checkpoint and promotion of chromosomal instability (14) (15) (16) . Overexpression of Aurora B is also an established characteristic of certain human cancers, and exogenous overexpression of Aurora B is also capable of promoting tumor cell invasiveness in animal models (17) (18) (19) . In human urothelial carcinoma of the bladder, increase in copy number and expression levels of Aurora A and B have been reported to correlate with pathologic and clinical parameters, including tumor grade and prognostic significance (7) (8) (9) 20) .
The critical roles of Aurora A and B in mitotic progression and their shown oncogenic potential have prompted the development of Aurora kinase inhibitors as targeted anticancer agents. Several small-molecule inhibitors of Aurora kinases have been developed and are currently undergoing preclinical and early clinical testing. In particular, MLN8237 is a novel, orally bioavailable, secondgeneration selective inhibitor of Aurora A. MLN8237 and its predecessor MLN8054 have exhibited efficacy against solid tumors and hematologic malignancies in preclinical models and are currently undergoing evaluation in hematologic and solid cancers (21) (22) (23) (24) (25) (26) .
Despite bladder cancer being the fourth most common cancer in men with more than 70,000 new cases annually in the United States, patients with advanced disease have a poor prognosis irrespective of current surgical and chemotherapeutic treatment options, with 5-year survival rates around 20% or lower for surgically incurable patients (27) (28) (29) (30) . For patients with locally advanced and/or metastatic disease, combination chemotherapy regimens are commonly used, although only a small subset of patients with advanced disease is cured and minimal progress has been made in developing new therapies (28) (29) (30) (31) . Thus, alternative and/or complimentary targeted therapy for these patients may be of value in prolonging survival. In this study, we use gene expression analysis to show that com-ponents of the mitotic spindle checkpoint, including Aurora kinases A and B, are broadly dysregulated in human bladder cancer. We hypothesize that this can be exploited therapeutically with Aurora kinase inhibition, and we test the antitumor activity of the selective Aurora A inhibitor MLN8237 in vitro in bladder cancer cell lines and in vivo in a mouse xenograft model. To our knowledge, this study is the first to evaluate Aurora kinase inhibitors specifically for bladder cancer.
Materials and Methods

Gene expression analysis
Snap-frozen human samples of normal urothelium (N ¼ 10) and muscle-invasive urothelial carcinoma of the bladder (N ¼ 8) were subjected to RNA microarray using the Affymetrix Hgu133plus2 gene array platform (Affymetrix) according to manufacturer's instructions. Normal urothelium was obtained from distal ureteral samples from patients with renal cell carcinoma and no history of prior urothelial neoplasia. Ten micrograms of total RNA was processed for the expression microarrays using the Affymetrix GeneChip One-Cycle Target Labeling Kit (Affymetrix) according to the manufacturer's recommended protocols. The resultant biotinylated cDNA was fragmented and then hybridized to the GeneChip human genome (54,675 probe sets in total, including more than 35,000 human genes; Affymetrix). The arrays were washed, stained, and scanned using the Affymetrix Model 450 Fluidics Station and Affymetrix Model 3000 scanner using the manufacturer's recommended protocols.
Expression values were generated by using Microarray Suite (MAS) v5.0 software (Affymetrix). The probes were redefined using updated probe set mappings (Bioc package: hs133phsentrezgcd; ref. 32 ). The hybridizations were normalized using the robust multichip averaging (rma) algorithm implemented in Bioconductor package affy (http:// www.bioconductor.org/; ref. 33 ) to obtain a summary expression value for each probe set of genes (34) (35) (36) . This resulted in a gene expression intensity dataset containing more than 17,000 rows (genes), each of which has 1 numeric value representing its relative expression intensity in the sample.
Gene expression levels were summarized according to the genes' physical locations using the regional expression biases package in Bioconductor (34, 35) . The algorithm groups the gene expression intensities by the associated gene locations. For each region (cytoband), a general test (such as binomial or t test) is applied to determine if the gene expressions in the region are collectively higher or lower than the reference expressions. The test statistics are then output for each sample and for each cytogenetic region.
Two-step quantitative reverse transcriptase PCR (qRT-PCR) was also conducted on normal urothelium (N ¼ 3) and invasive bladder cancer (N ¼ 3) samples using the Superscript III First-Strand Synthesis System (Invitrogen) according to manufacturer's instructions and SYBR
Translational Relevance
Despite poor outcomes for patients receiving chemotherapy, bladder cancer remains a relatively understudied disease with little advancement in nonsurgical treatment modalities in the last few decades. We sought to identify pathways in human bladder cancer that could be exploited with targeted therapies, leading us to identify mitotic spindle checkpoint dysfunction and to evaluate the effects of the Aurora kinase A inhibitor MLN8237 in bladder cancer. While Aurora kinase overexpression has been previously described in bladder cancer, to our knowledge, this study represents the first preclinical evaluation of aurora kinase inhibitors specifically for bladder cancer. On the basis of our mechanism-based hypothesis of the efficacy of Aurora kinase inhibition in bladder cancer, as well as our validation of in vitro findings using a mouse xenograft study and our demonstration of schedule-dependent synergistic effects between MLN8237 and gemcitabine and paclitaxel, we feel strongly that this pathway warrants further therapeutic investigation in bladder cancer.
Green qPCR MasterMix (Applied Biosystems). Twentyfive microliter reactions (1Â SYBR Green Master Mix, 100 pmol/L forward primer, 100 pmol/L reverse primer, and 100 nmol/L cDNA) in duplicate were run on ThermoGrid 96-well polypropylene PCR plates (Denville Scientific) using a 7500 Real Time PCR System (Applied Biosystems). Results were analyzed using 7500 System SDS Software v1.4 (Applied Biosystems), and t test was used to analyze differences in expression level between normal urothelium and invasive bladder cancer. The reaction was as follows: 50 C for 2 minutes, 95 C for 10 seconds, (95 C for 15 seconds, 60 C for 1 minute) Â 
Cell culture and drug treatments
Human urothelial carcinoma cell lines T24, UM-UC-3, and RT4 were purchased from the American Type Culture Collection and cultured at 37 C and 5% CO 2 in RPMI-1640 media (Gibco) supplemented with 10% FBS (Gibco). Drugs evaluated included the Aurora kinase A inhibitor MLN8237 (a kind gift from Millennium Pharmaceuticals), paclitaxel (Sigma), and gemcitabine (Sigma). MLN8237 and paclitaxel were diluted in dimethyl sulfoxide (DMSO; Sigma) and gemcitabine was diluted in sterile water. For in vitro administration of drugs, aliquots of 10 mmol/L working solutions of each drug were stored at À20 C until use. Media changes were carried out 1 day before drug addition and drugs were added directly to the culture media when cells reached 25% to 50% confluency.
Flow cytometry
For cell-cycle analysis, treated cells were trypsinized, pelleted, and fixed in a 70% ethanol/30% PBS v/v solution at 4 C. Samples were stained with 50 mg/mL propidium iodide (PI; Santa Cruz Biotechnology) in 0.05% Triton-X-100 and 1Â PBS for 2 hours at room temperature before acquisition. For annexin V staining for analysis of apoptosis, cells were trypsinized, harvested, and stained with annexin V and PI using the FITC Annexin V Apoptosis Detection Kit I (BD Pharmigen) according to manufacturer's instructions. Cells were analyzed on a Becton-Dickinson FACScan flow cytometer (Becton-Dickinson) with ModFIT LT software (Verity Software House).
Western blot analysis
Antibodies used included mouse anti-Aurora A (1:1,000; Abcam), rabbit anti-histone H3 (1:500; Abcam), rabbit anti-P-Aurora A-T288 (1:500; Cell Signaling Technologies), rabbit anti-P-histone-H3 (1:500; Cell Signaling Technologies), rabbit anti-cleaved PARP (1:1,000; Cell Signaling Technologies), rabbit anti-p73 (1:500; Bethyl Laboratories), rabbit anti-p53 (1:500; Cell Signaling Technologies), rabbit anti-p21 (1:500; Abcam), and rabbit anti-b-actin (1:2,000; Thermo Sci). Western blot analyses were conducted according to standard procedures and as previously detailed (37) . Blots were blocked with 1% bovine serum albumin (BSA) diluted in TBS-T for P-Aurora A-T288 and Phistone-H3 antibodies, or in 5% Carnation instant milk in TBS-T for remaining antibodies, for 1 hour at room temperature. Blots were incubated with primary antibody overnight at 4 C in blocking solution and rinsed with TBS-T, followed by incubation for 2 hours at room temperature with alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (IgG; 1:10,000; Sigma) or anti-mouse IgG (1:10,000; Sigma) antibody and visualized using the Enhanced Chemiluminescence Kit (Amersham). Blots were scanned for chemifluorescence using a Molecular Dynamics Typhoon 8600 Variable Mode Imager (Amersham).
Immunocytochemical staining
Cells grown on coverslips were fixed with 100% methanol at 4 C for 15 minutes. Cells were blocked with 1% BSA (Sigma) in PBS-T (PBS-0.25% Tween) for 1 hour at room temperature. Cells were incubated with primary antibodies diluted 1:50 in 1% BSA-PBS-T overnight at 4 C, rinsed with PBS-T, and incubated with secondary antibodies diluted 1:1,000 in 1% BSA-PBS-T for 2 hours at room temperature. Antibodies used included rabbit anti-b-tubulin (Sigma), mouse anti-tubulin (Sigma), mouse anti-Aurora A (Abcam), rabbit-anti-P-Aurora A-T288 (Cell Signaling Technology), rabbit anti-CENP-A (Cell Signaling Technology), rabbit anti-Cy3 (Thermo Sci), and mouse anti-Cy5 (Thermo Sci).
Fluorescence, phase-contrast, and time-lapse microscopy
Cells grown on coverslips were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma) at 1 mg/mL for 15 minutes at room temperature. Coverslips were mounted in 50% glycerol/PBS v/v, and imaged using a Leica DMR Upright microscope (Leica) with a Retiga EX Cooled CCD camera (Regita) and Image-Pro Plus software (Media Cybernetics). Phase-contrast microscopy was conducted using the same camera setup on cells grown on coverslips and fixed as previously described without any additional staining procedures conducted. For live cell time-lapse microscopy, cells were plated in 6-well plates, treated with MLN8237 or DMSO, imaged for 48 hours with phase-contrast images taken every 10 minutes using a Leica DMIRB Inverted microscope (Leica) with CoolSNAP HQ Cooled CCD camera (Princeton Instruments), and processed using LAS-AF (Leica) software.
Clonogenic assay
To determine clonogenic survival following treatment, cells treated for 48 hours were trypsinized, counted by hemocytometer, and replated at a concentration of 200 cells per 10-cm tissue culture plate. After 8 days to allow clones to form in T24 cells and 15 days in RT4 cells (due to inherent differences in mitotic rate), plates were fixed with 100% methanol at 4 C for 5 minutes, stained with 0.5% crystal violet for 5 minutes, and washed 3 times with 1Â PBS.
In vitro assessment of drug interactions
Cells were plated into 96-well plates at 1,000 cells per well and drugs were added into culture media as previously described. To evaluate drug interactions, MLN8237 was combined with either paclitaxel or gemcitabine. Drugs were administered either simultaneously for 48 hours, or sequentially, with one drug for 48 hours, followed by 3 washes with 1Â PBS and immediate addition of the second drug for 48 hours. All drugs were administered at several concentrations and all treatments were carried out in triplicate. To assess cytotoxic effects, CellTiter96 AQueous Cell Proliferation assay (Promega), a MTS-based assay, was conducted according to manufacturer's instructions. The 96-well plates were measured for absorbance using a Wallac 1420 Victor Plate Reader (Wallac). Given the linearity of this assay, samples were expressed as a ratio of their absorbance at 490 nm to the absorbance at 490 nm of an untreated control sample. Drug-drug interactions and combination indices were measured using CalcuSyn (Biosoft) and the Chou-Talalay median-effect method (38) . Combination indices less than 0.5 were defined as synergistic interactions and combination indices greater than 1.5 were defined as antagonistic interactions. To assess cell viability, cells plated and treated in 96-well plates as described earlier were washed with 1Â PBS, trypsinized and harvested, stained with 10% Trypan blue (Sigma), and counted with a hemacytometer.
In vivo mouse xenograft model
In vivo antitumor capacity of MLN8237 was evaluated in a mouse xenograft model of bladder cancer. For inoculation, 10 6 T24 cells in 50% Matrigel were injected into the flanks of nude mice bilaterally. Mice were divided into either the treatment group or the control group, with 8 tumors per group. MLN8237 was administered at 30 mg/kg by oral gavage 5 times weekly for 4 weeks. Mice in the control group received vehicle only. Tumors sizes were measured 3 times weekly. Tumor volumes were calculated by the following formula: 0.5 Â (smaller dimension) 2 Â (larger dimension). At the completion of treatment, mice were sacrificed and tumors flash-frozen for staining.
Staining of mouse xenograft tumors
To evaluate proliferation in mouse xenograft tumors, frozen tissue sections were thawed and fixed with 2.0% paraformaldehyde/PBS for 15 minutes at room temperature, washed 3Â for 10 minutes each, permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, and blocked in 10% FBS in PBS for 1 hour. Immunostaining was carried out using anti-Ki67 diluted in blocking buffer, followed by fluorescently conjugated secondary antibody. DAPI was added before penultimate washing to stain nuclei. To evaluate cell death, paraffin-embedded tissue sections were dewaxed and rehydrated according to standard serial xylene and ethanol wash protocols and permeabilized with a 0.1% Triton X-100, 0.1% sodium citrate solution for 10 minutes. Slides were then stained using the In Situ Cell Death Detection Kit Fluorescein (Roche Applied Science) according to manufacturer's instructions. For imaging, slides were mounted in Vectashield (Vector Laboratories, H-1000), and images were collected using a Leica DMR Upright microscope (Leica) with a Retiga EX Cooled CCD camera (Regita) and Image-Pro Plus software (Media Cybernetics).
Results
Mitotic spindle checkpoint genes are overexpressed in invasive urothelial carcinoma Initial evaluation of gene expression profiles in human bladder cancer identified a general upregulation of multiple mitotic spindle genes, including Aurora kinase A. Specifically, RNA microarray using the Affymetrix Hgu133plus2 gene array platform was conducted on human specimens of high-grade urothelial carcinomas of the bladder (N ¼ 10) and normal urothelium (N ¼ 8). This screen identified 155 genes differentially expressed at least 5-fold in the urothelial carcinoma samples compared with normal urothelium, which notably included a subset of 13 overexpressed genes with roles within the mitotic spindle checkpoint ( Fig. 1A) . Among the transcripts overexpressed in urothelial carcinoma were Aurora A (5.6-fold increased expression) and Aurora B (6.2-fold); MAD2L1 (7.6-fold) and BUB1B (8.8-fold), 2 primary components of the APC/C inhibitory complex; TPX2 (9.3-fold), which interacts with Aurora A; the mitotic spindle kinesin KIF11 (7-fold); and the mitotic regulator CDC20 (11.4-fold). These data have been deposited in National Center for Biotechnology Information's (NCBI) Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE42089 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc¼GSE42089; 39).
qRT-PCR on a separate set of human urothelial carcinomas and normal urothelium re-affirmed overall upregulation of these spindle checkpoint genes, with 10 of 13 genes showing statistically significant differential expression levels (Fig. 1B) . Thus, mitotic spindle checkpoint transcripts seem to be broadly upregulated in human urothelial carcinoma of the bladder. Given the function of Aurora A in mitotic progression and its shown oncogenic potential in other cancers, we next focused on the potential of Aurora A as a therapeutic target in bladder cancer.
MLN8237 selectively inhibits Aurora A and induces cellcycle arrest and aneuploidy in bladder cancer cell lines
We used the Aurora A-specific inhibitor MLN8237 to evaluate the effects of Aurora A inhibition on the human urothelial carcinoma cell lines T24 and UM-UC-3, which were derived from high-grade urothelial carcinoma and have acquired mutations in TP53 (40) (41) (42) . As a control, we used the RT4 cell line, which originated from a benign urothelial papilloma and expresses wild-type TP53 (43) . Baseline evaluation showed detectable levels of phospho-Aurora A in all cell lines by both immunofluorescent localization and Western blot analysis ( Fig. 2A and B ). Application of 10 nmol/L to 1 mmol/L MLN8237 resulted in a loss of phospho-Aurora A at the mitotic spindle ( Fig. 2A ) and a dose-dependent reduction in phosphorylation of Aurora A (Fig. 2B ). Application of MLN8237 did not affect total Aurora A levels and did not seem to alter Aurora B status within the cells as measured by phospho-histone-H3 expression as an indicator of Aurora B function (Fig. 2B ).
Next, we used flow cytometry to assess the effect of MLN8237 on cell-cycle dynamics. Treatment of T24, UM-UC-3, and RT4 cells with 10 nmol/L to 1 mmol/L MLN8237 for 48 hours induced significant cell-cycle arrest in a dose-dependent manner (Fig. 2C ). Considering only nonpolyploid cells (DNA content 4N), the proportion of cells with 4N DNA content increased from 9% with no treatment to 72% with 1 mmol/L MLN8237 in T24 cells, from 10% to 84% in UM-UC-3 cells, and from 22% to 92% in RT4 cells. This is consistent with a G 2 -M arrest or a G 1 tetraploid cell population. Moreover, MLN8237 induced a significant increase in aneuploidy in the malignant T24 and UM-UC-3 cell lines but no increase in aneuploidy in the benign RT4 cell line. The proportion of all cells that were aneuploid (DNA content > 4N) increased from 17% with no treatment to 54% with 1 mmol/L MLN8237 in T24 cells and from 10% to 89% in UM-UC-3 cells but remained stable in RT4 cells.
MLN8237 induces distinct cellular phenotypes in benign and malignant bladder cells
To further characterize the phenotype of Aurora A inhibition, we used microscopy to visualize the cellular phenotype and mitotic spindle during cell-cycle arrest induced by MLN8237. Treatment of malignant T24 cells with 100 nmol/L MLN8237 for 24 hours resulted in a significant increase in cell size, whereas treatment of RT4 cells had no apparent effect on cell size (Fig. 3A) . In addition, a minority of T24 cells appeared morphologically to be in mitotic arrest, with rounded cell morphology, condensed DNA, and multipolar spindles (Fig. 3B ). Both cell lines showed disruption of the mitotic spindle and formation of aberrant multipolar spindle apparatuses following MLN8237 treatment ( Fig. 3B ).
T24 and RT4 cells were also triple-stained with tubulin, CENP-A, and DAPI and imaged with immunofluorescence microscopy. CENP-A staining was used to estimate relative centromere number and thus compare ploidy between treated and untreated cells. MLN8237treated T24 cells showed markedly increased DNA content and CENP-A staining per cell, whereas RT4 cells did not (Fig. 3C) . These results are consistent with the flow cytometry analysis that showed increases in aneuploidy with MLN8237 treatment in the malignant T24 cell line.
Immunofluorescent staining for total Aurora A showed expected localization of the protein to mitotic spindles under baseline conditions in both RT4 and T24 cells (Fig.  3D ). However, inhibition of Aurora A activity with 100 nmol/L MLN8237 resulted in enhanced expression of Aurora A in the malignant T24 cells only, with augmentation of Aurora A expression both at the mitotic spindle and within the cytoplasm, although the mechanism behind this finding is unclear. Finally, time-lapse microscopy was conducted to further visualize cell division dynamics following MLN8237 treatment. T24 cells treated with 100 nmol/L MLN8237 exhibited repeated attempts at mitosis within a 24-hour period with no increase in cell number over time (i.e., unsuccessful cytokinesis), resulting in a dramatic increase in cell size (Fig. 3E) . Treated RT4 cells, in contrast, seemed to arrest shortly after the first attempt at mitosis, with no subsequent increase in cell size. Taken together, these results show that repeated cell-cycle progressions despite failure in separation of daughter cells in malignant T24 cells, but not benign RT4 cells, account for the development of aneuploidy in the former cell line following MLN8237 treatment.
Cytotoxicity and differential apoptotic processes mediate MLN8237's effects
Given the dramatic cell-cycle arrest caused by MLN8237, we sought to quantify growth inhibition induced by this compound in our cell lines. MLN8237 was administered at concentrations ranging from 0.316 nmol/L to 3.16 mmol/L to (Fig. 4A ). MTS assay was used to quantify cell viability, with individual data points expressed as relative standardized absorbance compared with untreated controls. MLN8237 was most potent in T24 and UM-UC-3 cells (IC 50 of 31 and 45 nmol/L, respectively) and least potent in RT4 cells (IC 50 of 120 nmol/L).
To assess apoptosis, we evaluated protein expression of cleaved PARP, p53, p21, and p73 in RT4 and T24 cells. Application of 100 nmol/L MLN8237 resulted in an increase in PARP cleavage expression in RT4 and T24 cells by 24 hours. RT4 cell lines, which contain wild-type p53, showed a peak in p53 expression at 24 hours after initiation of MLN8237 treatment, with a subsequent increase in the expression of p21, a downstream mediator of p53, through 72 hours (Fig. 4B) . In contrast, T24 cells contain mutated p53; in this cell line an increase in p73 expression was apparent at 24 hours, whereas p53 and p21 expression remained unaltered.
To quantify apoptosis, annexin V staining and flow cytometry were conducted on T24 and RT4 cells. Both cell lines showed an increase in the apoptotic cell population starting at 24 hours after initiation of MLN8237 treatment, although this population was greater in the T24 cells ( Fig.  4C) . Thus, T24 cells seem to be more sensitive to MLN8237 as shown by the combination of a lower IC 50 and a more sizeable apoptotic response as measured by annexin V staining ( Fig. 4A and C) .
Finally, to assess long-term viability posttreatment, clonogenic assays were conducted on RT4 and T24 cells. Treatment of both T24 and RT4 cells with 100 nmol/L MLN8237 for 48 hours resulted in less than 10% of cells maintaining capability to form clones in either cell line, and less than 1% clonogenic capability was detected in T24 or RT4 cells treated with 1 mmol/L MLN8237 (Fig. 4D ).
MLN8237 inhibits tumor growth in mouse xenograft models
To assess the capacity of MLN8237 to reduce tumor growth in vivo, nude mice were inoculated with T24 cells in the subcutaneous flank tissue to induce growth of tumors (N ¼ 8 for treatment group, N ¼ 8 for control group). When tumor sizes reached 250 mm 3 , a 4-week regimen of MLN8237 30 mg/kg orally 5 times weekly was initiated.
No statistically significant difference in tumor size between the control and treatment groups was noted at initiation of treatment (t test; P > 0.05). Mice treated with MLN8237 . MLN8237 (MLN) induces cytotoxicity and differential apoptotic processes. A, MTS assay was used to calculate IC50 values for each cell line following treatment over a range of MLN8237 concentrations for 48 hours. MLN8237 exhibited highest potency in T24 and UM-UC-3 cells (IC 50 of 31 and 45 nmol/L, respectively) and lowest potency in RT4 cells (IC 50 of 120 nmol/L). B, Western blot analysis of T24 and RT4 cells for apoptotic markers revealed induction of p53 expression in RT4 cells, and induction of p73, but not p53, expression in T24 cells. Both cell lines showed increased expression of the apoptotic marker cleaved PARP starting 24 hours after initiation of treatment. C, annexin V staining with flow cytometry analysis of T24 and RT4 cells revealed an increased apoptotic cell fraction at 48 and 72 hours after initiation of MLN8237 treatment. D, clonogenic assays of T24 and RT4 cells showed 90% inhibition of long-term clone forming capability at 100 nmol/L MLN8237. exhibited arrest of tumor growth compared with the control group (Wilcoxon rank-sum; P < 0.05) and showed no statistically significant difference in tumor size between initiation of treatment and completion of the 4-week regimen (t test; P > 0.05; Fig. 5A ). In contrast, untreated control mice exhibited dramatic increases in tumor growth, with tumor sizes quadrupling within 2 weeks of initial treatment. Because of the rapid rate of tumor growth in the control population, this experimental group was terminated by day 15 of treatment.
To further illustrate the antitumor activity of MLN8237 in vivo, tumors were harvested and stained with hematoxylin and eosin, Ki67, and terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL). Tumors treated with MLN8237 showed decreased cellularity compared with tumors from control mice, as well as regions of cell death and fibrosis (Fig. 5B) . The MLN8237-treated group also exhibited a 50% decrease in percentage of cells staining positive for Ki67 and a 10-fold increase in percentage of cells staining positive for TUNEL (t test; P < 0.05; Fig. 5B ).
MLN8237 exhibits schedule-dependent synergism with paclitaxel and gemcitabine in vitro
Finally, we evaluated the response of the T24 bladder cancer cell line to MLN8237 in combination with either paclitaxel or gemcitabine-2 agents currently used for the treatment of advanced bladder cancer. Drugs were administered either simultaneously for 48 hours, or sequentially, with one drug for 48 hours, followed by washout and immediate addition of the other drug for 48 hours. MTS assay was used to quantify cell viability and combination indices were calculated to determine synergism or antagonism. Effects of combination treatments were compared with control treatments with a single drug.
Combination treatments showed the greatest reduction in cell viability when drugs were dosed sequentially. Sequential administration of MLN8237 followed by either paclitaxel or gemcitabine resulted in synergistic interactions, most prominently at lower concentrations of the second drug ( Fig. 6 ). For example, when paclitaxel was administered alone, 1.6 nmol/L paclitaxel produced 30% of maximal reduction in cell viability, but when paclitaxel was administered after 100 nmol/L MLN8237, 1.6 nmol/L paclitaxel achieved 70% of maximal reduction in cell viability. Likewise, 4 nmol/L gemcitabine alone produced 48% of maximal reduction in cell viability, whereas 4 nmol/L gemcitabine administered sequentially following 100 nmol/L MLN8237 was able to achieve 87% of maximal reduction in cell viability. Sequential administration of either paclitaxel or gemcitabine followed by MLN8237 resulted in largely additive effects. Notably, MLN8237 was much less effective when concurrently administered with either paclitaxel or gemcitabine, as simultaneous administration of MLN8237 with either paclitaxel or gemcitabine produced largely antagonistic effects.
To further show that combination treatments are cytotoxic and inhibit cell viability, the percentage of cells staining positive for Trypan blue was computed. Combination treatments resulted in increased percentage of cells staining positive for Trypan blue, with sequential dosing regimens having the greatest effect ( Supplementary Fig.  S1 ). Finally, we used flow cytometry to evaluate the effects of combination regimens on the cell cycle. For both MLN8237/paclitaxel and MLN8237/gemcitabine combinations, sequential dosing regimens produced the most significant extent of cell-cycle arrest, whereas simultaneous dosing regimens were the least effective in causing additional cell-cycle arrest ( Supplementary Fig. S2 ). For example, sequential administrations of MLN8237 and paclitaxel produced a broad aneuploid cell population with no predominance of a single ploidy, whereas simultaneous MLN8237 and paclitaxel administration resulted in a cell-cycle profile indistinguishable from that of MLN8237 treatment alone. Vehicle-treated control mice, on the other hand, showed a dramatic increase in tumor size, and all but 1 control mice were sacrificed by day 15 due to tumor size. B, tumors were harvested and stained for hematoxylin and eosin, Ki67 for proliferation, and TUNEL for apoptosis. Tumors treated with MLN8237 showed decreased cellularity and regions of cell death and fibrosis, as well as decreased Ki67 staining and increased TUNEL staining, compared with tumors from control mice. Percentage of cells staining positive for Ki67 and TUNEL were counted in 5 visual fields per group and depicted in the bar graph.
Discussion
Despite bladder cancer being the fourth most common cancer in men in the United States, the molecular processes that underlie its development are relatively understudied. To identify new putative drug targets, we compared gene expression profiles between normal urothelium and patients with muscle-invasive urothelial carcinoma and identified global upregulation of mitotic spindle-associated genes. While overexpression of the Aurora kinases in bladder cancer has been previously described, to our knowledge, this is the first report of a broad overexpression of mitotic spindle checkpoint components as a common characteristic of human bladder cancer. Although the Aurora kinases currently represent the most accessible therapeutic target among the genes we identified, other members of the mitotic spindle checkpoint may warrant further study as potential clinical biomarkers of disease or alternate drug targets.
With the goal of exploiting this pathway as anticancer therapy, we evaluated the impact of the Aurora kinase A inhibitor MLN8237 on bladder cancer cells in vitro. Application of MLN8237 to papilloma-derived RT4 cells and malignant T24 and UM-UC-3 urothelial carcinoma cells resulted in cell-cycle arrest, mitotic spindle failure, and eventual apoptotic cell death. Interestingly, Aurora A inhibition induced aneuploidy in malignant bladder cells but not in the RT4 cell line, we suspect due to intact p53 function in RT4 cells that allows for cell-cycle arrest follow-ing mitotic failure. This is in agreement with previous reports of activation of a p53-dependent postmitotic checkpoint as a mechanism of preventing aneuploidy if the spindle checkpoint fails (44) (45) (46) . In contrast, increased p73 expression seems to drive apoptosis in the p53-deficient T24 cell line. Our results are consistent with a previous report of p73-dependent apoptosis following Aurora A inhibition in p53 mutant cells (47) . Given the high incidence of p53 mutations in human bladder cancer, activation of an alternate apoptotic pathway following Aurora A inhibition constitutes an important mechanism for achieving cell death. In addition, the differential IC 50 values suggest increased potency of Aurora kinase A inhibition in malignant cells, supporting the conclusion of higher sensitivity in these cells.
We also examined the ability of MLN8237 to provide efficacy as a component of a multidrug regimen. Simultaneous administration of MLN8237 and either paclitaxel or gemcitabine in vitro revealed an antagonistic relationship, whereas sequential administration resulted in a synergistic interaction. This is in agreement with previous reports of additive and synergistic effects when Aurora kinase inhibitors are sequentially dosed in combination with other agents, including nucleoside analogs and taxols (48) (49) (50) . These results suggest that the induction of spindle checkpoint dysfunction by MLN8237 can potentiate the ability of paclitaxel and gemcitabine to induce cell-cycle arrest and underscore the potential of Figure 6 . Interactions of MLN8237 with paclitaxel and gemcitabine in vitro are schedule-dependent. MLN8237 (MLN) was combined with either paclitaxel (PTX) or gemcitabine (Gem) in T24 cells. Drugs were administered either simultaneously for 48 hours (left), or sequentially, with one drug for 48 hours, followed by washout and the other drug for 48 hours (middle and right). MTS assay was used to quantify the effect on cell viability of these combination treatments. MLN8237 showed synergistic effects with paclitaxel and gemcitabine when dosed sequentially (middle and right), and antagonistic effects when dosed simultaneously (left).
MLN8237 as either an independent or concurrent agent in bladder cancer.
Finally, we showed the in vivo capacity of MLN8237 to arrest tumor growth in a mouse xenograft model of bladder cancer. In other studies, MLN8237 has been shown to have similar antitumor activity in animal models and in early clinical testing but has not been evaluated specifically in bladder cancer. Our demonstration of decreased tumor size, associated with cell drop-out and reduced proliferation index, following MLN8237 administration in a mouse xenograft model of bladder cancer is consistent with current published findings of tumor response to this drug. Nevertheless, we recognize that our in vivo model was limited to an evaluation of 8 tumors in a lone treatment group. We anticipate that a more expansive study in the future could delineate the varying antitumor effects of different dosages and of combination regimens.
The demand for improved pharmacologic options for bladder cancer represents a timely opportunity for testing Aurora kinase inhibitors in bladder cancer, either alone or in conjunction with currently established therapies. In this study, we identify spindle checkpoint dysregulation as a common feature of human urothelial carcinoma of the bladder. Targeting this pathway with the Aurora A inhibitor MLN8237 induced cell-cycle arrest, aneuploidy, spindle abnormalities, and apoptosis in bladder cancer cell lines, and arrested tumor growth in a mouse xenograft model. On the basis of these findings, we believe that the mitotic spindle checkpoint in human bladder cancer warrants further investigation to identify and characterize the mechanisms of spindle checkpoint failures that lead to tumorigenesis, and to explore the anticancer potential of drugs that target this pathway, including Aurora kinase inhibitors.
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